Haploinsufficiency is defined as a dominant phenotype in diploid organisms that are heterozygous for a loss-of-function allele. Despite its relevance to human disease, neither the extent of haploinsufficiency nor its precise molecular mechanisms are well understood. We used the complete set of Saccharomyces cerevisiae heterozygous deletion strains to survey the genome for haploinsufficiency via fitness profiling in rich (YPD) and minimal media to identify all genes that confer a haploinsufficient growth defect. This assay revealed that ‫%3ف‬ of all ‫0095ف‬ genes tested are haploinsufficient for growth in YPD. This class of genes is functionally enriched for metabolic processes carried out by molecular complexes such as the ribosome. Much of the haploinsufficiency in YPD is alleviated by slowing the growth rate of each strain in minimal media, suggesting that certain gene products are rate limiting for growth only in YPD. Overall, our results suggest that the primary mechanism of haploinsufficiency in yeast is due to insufficient protein production. We discuss the relevance of our findings in yeast to human haploinsufficiency disorders. Goss et al. 2002) result in inof dominance described over 30 years ago. Briefly, this creased cancer susceptibility. model states that the phenotypic consequences of hetWe sought to place our observations of yeast haploinerozygous loss-of-function alleles are masked by the pressufficiency into the context of the prevailing theories ence of one wild-type allele due to the redundancy of of haploinsufficiency. One theory posits that deviations cellular physiology
O RGANISMS heterozygous for a loss-of-function alman 2002
). Haploinsufficiency has also been implicated in cancer; heterozygous mutations in both ATM (Spring lele often have no discernible phenotype. This observation has been attributed to the metabolic theory et al. 2002) and BLM (Goss et al. 2002) result in inof dominance described over 30 years ago. Briefly, this creased cancer susceptibility. model states that the phenotypic consequences of hetWe sought to place our observations of yeast haploinerozygous loss-of-function alleles are masked by the pressufficiency into the context of the prevailing theories ence of one wild-type allele due to the redundancy of of haploinsufficiency. One theory posits that deviations cellular physiology (Kacser and Burns 1981) . There from the normal stoichiometry of members in a protein are, however, exceptions to this rule where deletion of complex cause haploinsufficiency. This theory, the bala single gene copy leads to an abnormal phenotype. Such ance hypothesis (Papp et al. 2003) , predicts that the haploinsufficiency is observed in all eukaryotes from haploinsufficient phenotype will be the same as the overyeast to humans. In yeast, the phenomenon has been expression phenotype, as both scenarios should result characterized in gene-by-gene analyses of, for example, in an imbalance of subunits of a protein complex. The cytoskeletal components such as actin (ACT1) (Drubin opposing theory states that haploinsufficiency may simet al. 1993) , tubulin (TUB1) (Schatz et al. 1986) , and ply be due to the reduced levels of protein produced components of the spindle pole body (NDC1) (Chial et in the heterozygous state. In this scenario, overexpresal. 1999 ). An explanation for the observation of reduced sion of haploinsufficient genes is not expected to be fitness in these heterozygous strains is provided by biodeleterious and should result in the wild-type phenotype chemical studies showing that a balance of protein levels being restored. Our genome-wide haploinsufficiency prois required to maintain cytoskeletal integrity.
filing allows us to discriminate between these two hypothThe relevance of haploinsufficiency in human disease eses. has become increasingly apparent. Many of the haploin-
The yeast deletion collection is a valuable resource for sufficient mutations in humans are observed in tranexamining loss-of-function phenotypes of yeast genes. The scription factors including TWIST (Johnson et al. 1998) majority of studies to date have used either the haploid and GATA3 (Muroya et al. 2001) . It is not surprising or the homozygous deletion collections (see, for example, that such haploinsufficiencies are detrimental, as they Birrell et al. 2001; Ooi et al. 2001; Tong et al. 2001 ; should result in multiple transcription defects of diverse Deutschbauer et al. 2002; Giaever et al. 2002) . While downstream targets (for review see Seidman and Seidpowerful, these studies do not include the essential genes. The use of the heterozygous deletion collection circumvents this problem and adds to the growing list 1 mean array background. These low-intensity tags were reof heterozygotes show no obvious growth defects [only moved from the analysis and each array was normalized to have a single gene in the genome, MLC1, is lethal as a hetero- (Winzeler et al. 1999; Giaever et al. 2002) . Com-COVA) for (1) time effects, (2) replicate series effects, and (3) series-time interactions. This analysis provides estimates bining this genome-wide approach with confirmation of statistical significance using the F-statistic. We interpret the by individual strain analysis, we find that 184 genes results of the ANCOVA as a linear regression where the F-sta-‫%3ف(‬ of the genome) exhibit significant haploinsuffitistic provides P-values. This analysis was performed using an ciency under optimal growth conditions. This gene set additive linear dummy regression model with interactions in is highly enriched for genes that are functionally anno-R (Fox 2002, p. 133) for each tag. We added 1 to the tag regression slope to obtain a relative tag fitness where values tated in basic cellular processes (e.g., protein biosynthe-Ͻ1 indicate a fitness defect. sis and mRNA processing), indicating that many core Calculation of strain fitness: We averaged individual tag fitness cellular events are sensitive to gene dosage. Our data values for each deletion strain in a given pool. We referred to strongly suggest that the majority of haploinsufficiency these fitness values as heterozygous (het)_ypd_A, het_ypd_B, in yeast results from insufficient protein production in homozygous (hom)_ypd_C, and hom_ypd_D. The following criteria were used to identify heterozygous strains with reduced heterozygous deletion strains.
fitness: both het_ypd_A and het_ypd_B fitness values had to be Ͻ0.98 and at least one tag for that gene had to be statistically significant (P Ͻ 0.05) in both pools as determined by the MATERIALS AND METHODS ANCOVA. To calculate the HET_AV fitness measure for each gene, we averaged the fitness values from all present molecular Strains and plasmids: Yeast deletion strains were constructed tags across both the A and B heterozygous pools. We used the by an international consortium in the S288C background same criteria for selecting strains with reduced fitness for (Brachmann et al. 1998) . Plasmid pTN001 (a gift from Taavi homozygous diploids. Neklesa) was generated by replacing the URA3 gene in pRS426
Minimal media fitness analysis: We repeated the ANCOVA with the hph gene encoding resistance to hygromycin B (Goldanalysis for two time series performed in minimal media stein and McCusker 1999).
(MM). Preprocessing, normalization, and the multiple-regresMedia and growth conditions: Yeast extract/peptone/dexsion model were analogous to the YPD analysis. Regression trose (YPD) and minimal media were prepared as described slopes and F-statistic P-values were obtained for these samples. (Guthrie and Fink 1991) . YPD was supplemented with hygroDue to fewer replicate experiments compared to the YPD data mycin B (300 g/ml) for all overexpression experiments with and unexpected auxotrophic mutations in the deletion colplasmid pTN001.
lection, our analysis of minimal media strain fitness differed Deletion pool construction, growth, and chip experiments:
slightly from our YPD analysis. We calculated het_mm_B and Deletion pool construction and pool growth were as described hom_mm_D values for each strain on the basis of two replicate (Giaever et al. 2002) with the following modifications of experiments in minimal media supplemented with histidine, growth conditions. Frozen aliquots of the two independently leucine, and uracil. We identified heterozygous and homozygous constructed heterozygous and homozygous pools were diluted slow-growth strains as those with het_mm_B or hom_mm_D, in YPD or minimal media to an OD 600 of 0.0625, and 0.7 ml respectively, values Ͻ0.95 and at least one statistically significant was pipetted into a well of a 48-well microplate. Cells were (P Ͻ 0.05) tag. Our more stringent criteria for slow growth grown in a Tecan (Durham, NC) GENios microplate reader in minimal media (fitness Ͻ0.95) compared to YPD (fitness and every 5 generations cells were automatically pipetted into Ͻ0.98) reflect the increased confidence in many YPD replicate 0.7 ml of fresh media using a Packard Multiprobe II fourexperiments and the results of individual strain examination. probe liquid handling system (Perkin-Elmer Life Sciences, During the course of the analysis, we identified ‫001ف‬ heterozyNorwalk, CT) controlled by custom LABVIEW software (Nagous strains with severe fitness defects in minimal media while tional Instruments, Austin, TX). Over the course of 20 generathe corresponding homozygous deletions grew normally. We tions of growth, cells were saved every 5 generations and frozen confirmed that 22 of these strains (see supplementary Table at Ϫ20Њ for subsequent preparation of genomic DNA. Geno-4 at http:/ /chemogenomics.stanford.edu/supplements/01yfh/) mic DNA preparation, PCR, and chip hybridization to the were erroneously homozygous for met15⌬ due to an observed Affymetrix (Santa Clara, CA) TAG3 array were as described increase in loss of heterozygosity at this locus (McMurray and (Giaever et al. 2002) .
YPD fitness analysis: Preprocessing and normalization: For the Gottschling 2003). To address the extent of this phenomenon, we fitness profiled the heterozygous and homozygous primary calculation of YPD fitness values, we analyzed the data collected from time points using four independently condeletion pools in minimal media supplemented with histidine, leucine, uracil, lysine, and methionine. On the basis of the structed deletion pools (heterozygous A and B, homozygous C and D) separately. Each deletion strain is typically reprerestoration of wild-type growth in the added presence of lysine and methionine, we estimate that ‫001ف‬ strains are homozysented by four hybridization signals, corresponding to "tags," on the array. For each of the four pools, we determined a gous for the met15⌬ marker (and have forwarded this information to the Yeast Deletion Collection curator). "present" tag set based on six hybridizations from time zero (aliquots hybridized straight from Ϫ80Њ). For all deletion pools Construction of overexpression plasmids: The coding regions for haploinsufficient genes with 500 bp upstream of the ‫0008ف‬ tags failed to meet the present criteria defined by a mean hybridization intensity greater than fourfold over the start codon and 200 bp downstream of the stop codon were Genome-Wide Haploinsufficiency PCR amplified from total genomic DNA and cloned into vecdefect (relative fitness Ͻ0.98, P Ͻ 0.05, see materials tor pTA2.1 (Invitrogen, San Diego). Inserts were restriction and methods for criteria) in both the A and B heterozyenzyme digested from pTA2.1 and subcloned into vector gous pools ( Figure 1A ). Seventy-five of the 272 haploin- open reading frames, which often physically overlap
Gene expression experiments: Total RNA collection from exwith characterized genes, were also removed. After this ponentially growing cells and probe synthesis was performed as described (Primig et al. 2000) . Labeled cDNA probes were hydata reduction we were confident that the slow-growth To compare the heterozygous deletion strains with abling pooling of the deletion strains and parallel phereduced fitness to the homozygous deletion strains with notypic analysis. We determined fitness values for both reduced fitness, we profiled the homozygous deletion the heterozygous and homozygous deletion collections collection using identical assay conditions. In this case, in rich media (YPD) by monitoring the abundance of we identified 891 slow-growing homozygous deletion the molecular bar codes over time in YPD as previously strains ‫%02ف(‬ of the genome; see supplementary Table described (Winzeler et al. 1999; Giaever et al. 2002) .
3 at http:/ /chemogenomics.stanford.edu/supplements/ To control for variations introduced by pool construc01yfh/ for a complete gene list). To facilitate downtion, we profiled two independently constructed pools stream analysis of the fitness values as with the heterozyof both the heterozygous (referred to as pools A and gous data, we averaged the data from across both pools B) and homozygous deletion collections (referred to as (see materials and methods) to obtain a single value pools C and D). To minimize variation due to inconsisfor each gene, HOM_AV. Likewise, we averaged the tency in sample collection (e.g., capturing cultures at prefitness values across the A and B heterozygous pools to cise generation times), all samples were collected robotigenerate a HET_AV value for each gene. A genome-wide cally and each experiment was replicated 6 times per comparison between the heterozygous and homozygous pool across 5 time points (comprising a total of 24 time pools reveals that the slow growth of heterozygous series with individual data points collected at 0, 5, 10, 15, strains is generally less severe than that of homozygotes and 20 generations). Genomic DNA was then prepared (compare Figure 1B and 1D ). An examination of the from samples and molecular tags were PCR amplified distribution of the HOM_AV values reveals that 77 of the and hybridized to a high-density array of oligonucleo-891 have "severe" slow growth (relative fitness Ͻ0.80) tides with sequence complementary to the bar codes. The and thus are "nearly" essential ( Figure 1D ). The combirelative growth rate of all strains in the pool was calcunation of the 891 genes with a homozygous growth delated using a linear-regression model and analysis of fect with the 1102 essential genes demonstrates that covariance (see materials and methods). The use of greater than one-third (1993 genes) of the yeast genome robotics and rigorous statistical analysis of the data alis either essential or required for optimal growth in rich lowed us to reproducibly detect small fitness defects that media. were then verified by individual strain analysis.
Verification of haploinsufficiency results: In many cases Fitness profiling of the heterozygous deletion collecthe haploinsufficiency observed for particular strains is not severe. To confirm these array results we analyzed tion grown in YPD identified 272 genes with a growth Haploinsufficient genes encode subunits of protein measurements collected automatically every 15 min, providing highly accurate and reproducible growth rate complexes involved in metabolic processes: We compared the broad functional distribution of the ‫0011ف‬ measurements. Each curve was performed in triplicate and representative samples are shown in Figure 2A . In essential genes with the ‫009ف‬ nonessential homozygous genes that, when deleted in the homozygote, result in some cases, particularly for strains with HET_AV values Ͼ0.97, a 24-hr growth assessment was insufficient to slow growth [Saccharomyces Genome Database (SGD) gene ontology (GO) term mapper (Dwight et al. 2002) ]. distinguish the growth defect compared to wild type. In these cases we verified the slow growth of these strains This comparison showed both gene sets to be quite similar to one another but distinct from the genome as a whole. (such as mcm2⌬/MCM2, Figure 2B ), using the automated growth assay over 20 population doublings (equivalent to Both sets are enriched for genes involved in metabolism (P Ͻ 0.001 for both gene classes by the hypergeometric the number of generations that takes place in a fullgenome screen). By 20 generations, the growth defect of distribution) and contain few uncharacterized genes ( Figure 3A ). These differences are more pronounced mcm2⌬/MCM2 is reproducibly detected (similar results were observed for rap1⌬/RAP1 and glc7⌬/GLC7). This when the functions of the 184 haploinsufficient genes are examined; over half of the annotated functions are finding validates the use of molecular bar coding followed by highly quantitative individual growth assays to reproducinvolved in metabolism and even fewer genes remain unclassified ( Figure 3A) . In addition, genes involved in ibly detect changes in growth rate as small as 2%.
Quantitative fitness profiling yields a relative value "broad" cellular functions such as signal transduction and amino acid metabolism are underrepresented in representing the fitness of each strain (Giaever et al. 2002) . The relationship between these values, generated the haploinsufficient class of genes. A more precise functional map [SGD GO term finder from microarray data, and actual generation times, however, is not clear. To directly address this relationship, (Dwight et al. 2002) ] of the genes sensitive to haploinsufficiency revealed processes related to protein metabwe plotted the generation times for the 30 strains confirmed as haploinsufficient above as a function of their olism, including rRNA processing, ribosome biosynthesis, translation control, and protein folding ( Figure 3B ). fitness value. As expected, strains with longer generation times are associated with lower fitness values, demonOther haploinsufficient genes are involved in complex processes such as transcription from the RNA polymerstrating that relative fitness values can be used as a quantitative measure of actual generation times ( Figure 2C ).
ase II promoter (RPB5, RPB8, SRB7, RPO26, RPC10, RPB4, RPB7, and RPB3), DNA replication (MCM2 and The majority of the 184 haploinsufficient strains have CDC47), ER-to-Golgi transport (SEC23 and SEC34), nuclear import/export (NUP60, NUP145, NUP120, and NIC96), and cytoskeletal function (ACT1, TUB1, SPC97, and SPC98).
Many haploinsufficient genes encode components of multisubunit protein complexes. We find that a higher percentage of haploinsufficient genes are in GO-annotated protein complexes ‫)%77ف(‬ compared to the genome in general ‫,%02ف(‬ P Ͻ 3.3e-16; the list of GOannotated protein complexes can be found at http:// www.yeastgenome.org/). A striking example is the haploinsufficiency we observe for structural components of the ribosome. Over 57% (32 of 56 genes) of the components of the small cytosolic subunit and 49% (40 of 81 genes) of the large cytosolic subunit components are haploinsufficient under optimal growth conditions. Other complexes with multiple haploinsufficient subunits include the CCT folding chaperone, the exosome, the core subunit of RNA polymerase II, SPC97 and SPC98 of the spindle pole body, and the ␣-(SUI2) and ␤-(SUI3) subunits of the translation initiation factor eIF2 (see Table 1 for complexes haploinsufficient in YPD). In contrast, single genes encoding enzymatic activities (such as glycolytic enzymes) are rarely haploinsufficient in YPD.
Duplicated ribosomal genes have less severe haploinsufficiency than their nonduplicated partners: Over 50% of the structural components of the cytoplasmic ribosome are haploinsufficient. Because ‫%57ف‬ of the ribosomal genes are duplicated (59 are duplicated, 19 are not duplicated) (Planta and Mager 1998) with high conservation, we can ask why certain ribosomal components are duplicated and others are not. For example, there may be evolutionary benefits for maintaining duplications to buffer the cell from the deleterious effects of haploinsufficiency. If this is the case, the evolutionary cost of maintaining the duplications should outweigh the costs of producing additional transcripts from a singlegene copy and therefore, the haploinsufficiency of the 19 nonduplicated ribosomal components should be more t-test, P ϭ 0.036, Figure 4A ). This analysis demonstrates deleted for nonduplicated ribosomal genes exhibit deOutliers in this correlation, such as the rps24a⌬/RPS24A strain, creased fitness over those deleted for duplicated riboreflect a limitation of our high-throughput approach in accurately measuring doubling times for very slow-growing strains.
somal genes simply because the majority of them are Detailed GO processes enriched in the haploinsufficient gene class as determined through the use of the GO term finder function available on the SGD website (http:/ /www.yeastgenome.org/ help/goTermFinder.html, P Ͻ 0.0001 for all processes shown, calculated using the binomial approximation of the hypergeometric distribution). Some GO processes with high similarity to the processes shown were omitted. comparing the haploinsufficiency of the 98 essential essential (16 of 19 nonduplicated ribosomal genes are genes vs. that of the 86 nonessential genes. Interestingly, essential while only 5 of 118 duplicated ribosomal genes are essential). We tested whether this was the case by a comparison of the observed haploinsufficiencies of analyzed. Haploinsufficient genes are more highly expressed when compared to the genome (t -test, P Ͻ 2.2e -16), essential genes (t -test, P Ͻ 1.4e -8), and slow-growth homozygous genes (t -test, P Ͻ 2.9e -8). (B) Frequency plot of observed protein the essential genes is virtually identical to those of the abundances in the same gene classes as in A.
nonessential genes (mean HET_AV for both classes ϭ 0.94, t-test, P ϭ 0.78, Figure 4B ). Haploinsufficient genes are highly expressed: Heterozygous deletion strains may exhibit a deleterious phenotype a bimodal distribution in a frequency plot of median because their gene products are required at high levels protein abundance for haploinsufficient genes, where in actively dividing cells. To address this hypothesis we the peak of lower height is due to the ribosomal genes examined two genome-wide data sets: mRNA expression ( Figure 5B ; this bimodality due to ribosomal genes is levels (see materials and methods) and protein exalso apparent in the slow-growth homozygous strains). pression levels (Ghaemmaghami et al. 2003) . In general, These ribosomal genes are not the sole determinant for the protein levels of haploinsufficient genes are higher the observation that haploinsufficient genes are exthan those of (1) the essential genes, (2) the nonessenpressed at high protein levels, however, as nonribosomal tial genes conferring slow growth as homozygotes, and haploinsufficient genes are also highly expressed com-(3) the entire genome ( Figure 5A) . A similar trend is pared to the genome in general (Mann-Whitney U-test, observed for mRNA abundance where a fivefold higher P ϭ 0.0013). mean mRNA expression level is observed for haploinComplementation of haploinsufficiency by overexsufficient genes compared to the genome as a whole pression: We overexpressed haploinsufficient genes to (t-test, P ϭ 1e-127).
complement the haploinsufficient growth defect in indiOur finding that most ribosomal components are vidual strains to ensure that a single-gene deletion is haploinsufficient, combined with the fact that the riboresponsible for the observed phenotype. Further, to test somal genes are transcribed at a high level (Warner the validity of the balance hypothesis, we tested these 1999), prompted us to ask if the ribosomal genes are strains for growth defects. Each of 16 essential genes distinct in their requirement for high levels of protein expression. This appears to be the case as we observe identified as haploinsufficient that interact in com-plexes with other proteins was overexpressed from its native promoter on a 2-m vector with a dominant drug marker. This strategy allowed: (1) physiologically relevant transcription from the endogenous promoter, (2) high-copy overexpression above physiological levels, and (3) growth in YPD for accurate comparisons to the haploinsufficiency data. These strains were then subject to precise 20-generation growth curves as shown in Figure 2B . For 13 genes, the high-copy overexpression under the native promoter complemented the growth defect of the heterozygous strain and did not result in a growth defect after 20 generations of growth ( Figure 6 , A and B). In addition, for these 13 genes overexpression in a wild-type background did not lead to a phenotype. Genes in this class include components of the large ribosome subunit (RPL17A and RPL18A), small ribosome subunit (RPS15 and RPS20), CCT folding chaperone (CCT2, CCT4, and CCT6), RNA polymerase II core complex (RPB3 and RPB7), the translation initiation factor SUI2, the transcriptional regulator RVB2, and genes involved in the biogenesis of the large ribosomal subunit (RLP24 and NOG1). In contrast to the above cases, for 3 genes (SPC97, TUB1, and ACT1), overexpression was toxic ( Figure 6C ), consistent with published observations (Schatz et al. 1986; Drubin et al. 1993) . Fitness profiling in minimal media alleviates the haploinsufficiency associated with YPD: The growth rate of yeast in culture depends on favorable environmental conditions and on available nutrients. In the case of rich media (YPD), the generation time reflects the optimal growth rate of yeast. Such optimal, fast cell cycle transits could emphasize the requirement for particular genes, such as ribosomal genes, which could become rate limiting. To test whether slowing the growth rate of the culture might eliminate some of the YPD haploinsufficiency, we profiled both the heterozygous deletion collection and homozygous deletion collection in minimal media where the generation time of wild-type yeast is approximately twice that in YPD. The positive correlation observed in a plot of fitness of the 184 haploinsufficient strains grown in YPD as a function of their fitness in minimal media indicates that the majority of the strains (136 genes, see materials and methods for criteria) are either partially or completely relieved of These results suggest that many genes that confer and homozygous deletions using parallel fitness profiling (Giaever et al. 2002) and identified 184 genes ‫%3ف(‬ of the genome) as haploinsufficient and 891 genes (or ‫%02ف‬ of the genome) that exhibit slow growth as homozygotes. The 184 genes likely represent a robust estimate of the total number of haploinsufficient genes in the yeast genome during growth in YPD because (1) independently constructed pools of both the heterozygous and homozygous collections were used, (2) robotic handling of all experiments ensured robust reproducibility and reduced statistical error, (3) individual growth assays verified the results obtained from array analysis even for the most subtle growth differences, and (4) strains with secondary mutations were eliminated from our analyses (these defective strains are currently being reconstructed; R. W. Davis, J. Boeke and M. Snyder, personal communication).
The haploinsufficient genes are overwhelmingly involved in core metabolic processes, carried out by molecular complexes such as the ribosome. Few genes encoding enzymes are haploinsufficient. This is somewhat unexpected because haploinsufficient genes tend to be highly expressed, and many of the glycolytic enzymes are expressed at very high levels in YPD and, likewise, many biosynthetic enzymes are highly expressed in minimal media. However, while many haploinsufficient genes An important question arising from our observations is whether or not haploinsufficiency is condition dependent. Although the significant overlap between the YPD haploinsufficiency in YPD produce sufficient transcript and minimal media data sets might argue that haploinfrom a single-gene copy for optimal growth under minisufficiency is not condition dependent, there is ample mal media conditions. evidence of condition-specific haploinsufficiency inThirty-three genes appear haploinsufficient only in minduced by stress. This is clearly the case for drug-induced imal media. However, individual examination of these haploinsufficiency (Giaever et al. 2004; Lum et al. 2004 ) strains revealed that the majority were either false negaas well as for other stress conditions such as salt and tives in the YPD experiments (FIT3, MED8, ARP9, and high pH (G. Giaever, unpublished results). UGO1) or false positives in the minimal media experiThe underlying cause(s) of haploinsufficiency is unments (INO2, YRB1, SPT20, CHS2, and PHO85). Thus der question (Veitia 2002) . Our goal was to distinguish minimal media-specific haploinsufficiency is extremely between two hypotheses, the balance hypothesis (Papp rare. Indeed only a single gene, FUR4 (a uracil transet al. 2003) and the insufficient amounts hypothesis. porter), showed minimal media-specific haploinsuffiOur analysis of mRNA and protein expression levels ciency.
revealed that haploinsufficient genes are, on average, more highly expressed when compared to all analyzed gene classes, suggesting that these genes are needed at DISCUSSION abnormally high levels and are therefore more sensitive to a reduction in gene dosage. The balance hypothesis We used yeast as a model organism to perform a genome-wide survey of haploinsufficiency, a basic and inargues that the relative amounts of complex subunits are under tight regulation and overexpression of haploinsufcreasingly important biological phenomenon. We assayed the relative growth of all strains as heterozygous ficient genes is more likely to lead to a fitness defect (Papp et al. 2003) . We find that for 13 genes, including ard et al. 2004), and cell cycle tumor suppressor regulators (Lam et al. 2004 ) has been directly implicated in a components of the large cytosolic ribosome subunit, the small cytosolic ribosome subunit, CCT folding chapnumber of inherited mammalian diseases. Comparing our genome-wide study of haploinsufficiency in yeast to more erone, and RNA polymerase II core complex, high-copy overexpression is not deleterious. Moreover, growth in complex metazoans will provide a valuable reference genome for understanding newly discovered diseases that minimal media, in which the generation time is approximately double that in YPD, alleviates most YPD haploinarise as a consequence of haploinsufficiency. sufficiency. We have also observed that this is the case We thank William Lee and Bob St. Onge for helpful comments on for other conditions that increase the doubling time the manuscript. This work was supported by a grant from the National Cancer Institute and the National Institutes of Biomedical Imaging such as high pH, high osmolarity, and a variety of drugs and Bioengineering. (Giaever et al. 2004; Lum et al. 2004; our unpublished results) . As these experiments are also performed in YPD, it suggests that the alleviation of haploinsufficiency LITERATURE CITED in minimal media is not due to differences in the nutrient environment, but rather the population doubling
